The alfalfa weevil, Hypera postica (Gyllenhal), is the most damaging defoliator of alfalfa, Medicago sativa L,. in Nebraska (Danielson et al. 2006) . Damage can be caused by both adult and larval stages, but the majority of damage is caused by larvae. Early-instar alfalfa weevils cause minimal damage, which can be recognized as pinholes in leaf terminals. As larvae increase in size, damage becomes more pronounced and skeletonization of leaves occurs (Danielson et al. 2006) . As with many holometabolous insects, Ͼ90% of feeding damage is caused by late instars (Koehler and Pimentel 1973) . The Þrst crop of alfalfa is most susceptible to serious feeding injury (Liu and Fick 1975) . Growth of the second crop can be delayed under heavy infestations (Fick 1976 ), but plant development and forage quality are less affected at this time (Giles et al. 1999) .
Two strains of the alfalfa weevil, the eastern and western strains, are found in Nebraska (Keith et al. 1977; Manglitz et al. 1981a,b) . The western strain was introduced into the Salt Lake City, UT, area in 1904 (Hamlin et al. 1949) , and the eastern strain was introduced into Maryland in 1952 (White et al. 1972 , Erney et al. 1996 .
The alfalfa weevil is present in all 48 states of the continental United States (Giles et al. 1999 , NAPISÐ CAPS 2003 . Typically, one generation occurs per year Hutchison 1994, Brewer and Hoff 2002) and adults generally overwinter in protected areas near alfalfa Þelds (Yakhontov 1974 , Danielson et al. 2006 . The phenology of the alfalfa weevil in the United States varies with latitude (Peterson and Meyer 1995) .
Fall and winter temperatures in northern regions of the United States often are too low to allow for extensive oviposition or embryonic development to occur, and accordingly, eggs laid in the fall and winter in these regions do not contribute signiÞcantly to larval populations in the spring (Stark et al. 1994) . Northern regions also have temperatures that are below the lower lethal limit of 1.7ЊC for oviposition, and mortality of eggs is a common occurrence (LeCato and Pienkowski 1972, Stark et al. 1994) . Effective egglaying begins, consequently, at the onset of spring alfalfa growth in northern regions (Stark et al. 1994) such as Wisconsin (Litsinger and Apple 1973) .
Southern regions, however, may experience milder winters, resulting in eggs being laid earlier and alfalfa weevils surviving winter conditions more readily (Stark et al. 1994) . Alfalfa weevils inhabiting southern regions, such as Oklahoma and southern California, have more temporal variability in oviposition and may deposit a greater number of eggs from late November to mid-March (Stark et al. 1993 , DeGooyer et al. 1996 , which may result in earlier alfalfa weevil egg hatch in spring.
In intermediate regions, such as Illinois, Ohio, and Nebraska, weather conditions, which are greatly affected by latitude, may inßuence the number of alfalfa weevil eggs laid and their survival in fall and winter months (DeGooyer et al. 1996) . Populations found in intermediate regions show a pattern of increased fall oviposition and winter survival with declining latitude (Roberts et al. 1970 , Peterson and Meyer 1995 , DeGooyer et al. 1996 .
Insect development is strongly correlated with temperature and time (Higley et al. 1986, Pedigo and Zeiss 1996) . The rate of development increases with increasing temperature, forming an s-shape curve. The curve begins with the developmental minimum, the top of the curve represents the developmental maximum threshold, and the amount of heat required between maximum and minimum developmental thresholds is calculated in degree-days (Higley et al. 1986 , Pedigo and Zeiss 1996 , Gibson 2001 .
Models that use this knowledge are able to predict insect emergence and stage emergence (Higley et al. 1986 , Berberet and Hutchinson 1994 , Pedigo and Zeiss 1996 . A model has been developed to calculate developmental degree-days for the alfalfa weevil using a developmental minimum threshold of 9ЊC (48ЊF) (Koehler and Gyrisco 1961; Litsinger and Apple 1973; Stark et al. 1993 Stark et al. , 1994 DeGooyer et al. 1996; Kuhar et al. 2000) . Because variable oviposition rates and egg survival during fall and winter can occur in intermediate regions such as Nebraska and can lead to differences in the timing of egg hatch and larval populations the following spring, predicted developmental degree-day values may vary by latitude (Roberts et al. 1970) . Recent observations in Nebraska suggest alfalfa weevil phenology is inconsistent with published accounts (Seymour and Jarvi 2002) .
The objective of this study was to compare alfalfa weevil developmental degree-day requirements in three distinct geographical regions in Nebraska, which varied by latitude. Information obtained in this study will be useful for making more accurate pest management decisions in different regions in eastern Nebraska and explain observed differences in weevil occurrence in these regions. Each Þeld was visually divided into four quadrants, and each quadrant was sampled, for a total of four samples per Þeld. A U-shaped pattern was followed in the Þeld, varying the location of sampling each week. The location for sampling within each quadrant was selected randomly, avoiding the Þeld edge by at least 3 m (Buntin 1994) . To avoid preferential sampling, the location to start sampling in each quadrant was selected from a distance.
Materials and Methods

Field
Five stems were selected in each quadrant, shaken roughly into a bucket, and saved in another bag. This process was repeated until 25 stems had been obtained from a quadrant. Stems were selected randomly by choosing each stem near the ground without observing its size or condition, and stems were removed using the Þnger-shear method (Higgins et al. 1991) , keeping the top of each stem as steady as possible. A total of 100 stems were collected in each Þeld, at each sampling location.
The density of alfalfa weevil larvae in Þelds located in northern regions of Nebraska was very low in 2005. Because numbers were low, 2 wk after formal sampling began the sample size was increased to 100 stems in each quadrant for Þelds located in northern regions of eastern Nebraska. The procedure for selecting stems and locations remained consistent with other regions. Stem samples of 100 stems were also taken in northern Þelds in 2006, beginning with the Þrst formal sampling date.
Shake-bucket and stem sampling continued until the Þrst cutting and then resumed ϳ1 wk after harvest, when stems were at least 10 cm (4 in) tall. Sampling was discontinued when alfalfa weevil larvae were no longer present in samples obtained from each Þeld.
Laboratory Analysis. In the laboratory, stems were visually inspected for additional larvae missed in the shake-bucket method. The number of larvae found in the shake-bucket was combined with the number found and removed from the corresponding stem sample to form an absolute sample of the density of alfalfa weevil larvae.
Number of Þrst-, second-, third-, and fourth-instar alfalfa weevils was determined by measuring the width of the head capsule (Hamlin et al. 1949 ) with an ocular micrometer and dissecting microscope. After an adequate number of larvae were separated using this method, differentiation was determined visually with the aid of a magnifying lamp (Bartell and Roberts 1974 ) and a reference collection of previously measured larvae.
Temperature Monitoring. Temperature data were obtained from the High Plains Regional Climate Center (HPRCC) located at the University of NebraskaLincoln (HPRCC 2006) . Daily maximum and mini-mum temperature data were obtained from HPRCC for three locations (southern: 40Њ18.00Ј N, 96Њ45.00Ј W; central: 41Њ09.00Ј N, 96Њ24.00Ј W; northern: 42Њ27.00Ј N, 97Њ54.00 W). Locations were chosen by using the closest weather station to each set of Þelds. The weather stations that were chosen are the most reliable source of temperature data for crop managers and farmers. The distance between Þelds and weather stations ranged from 7.0 to 27.8 km (4.3Ð17.3 miles) (Stilwell 2006) . The weather station originally selected for temperature data retrieval for northern Þelds was much closer to sampled Þelds; however, this weather station was no longer providing temperature data and therefore the next closest weather station, 27.8 km distant, was used. Weather data were obtained beginning 1 January 2005 and 2006.
Developmental Degree-Day Calculations. Developmental degree-days were calculated using a minimum developmental threshold of 9ЊC (Koehler and Gyrisco 1961; Litsinger and Apple 1973; Stark et al. 1993 Stark et al. , 1994 DeGooyer et al. 1996; Kuhar et al. 2000) and were calculated beginning 1 January of each year.
The computer program DEGDAY Version 1.2 was used to perform developmental degree-day calculations for the alfalfa weevil (Higley et al. 1986 ). Developmental degree-days were calculated using the sine wave method. The sine wave method assumes the daily temperature cycle takes the form of a sine wave, and the wave is produced over a 24-h period using maximum and minimum temperatures from that day. The area produced under the temperature curve, and above the base temperature, represents the degreeday accumulations during 1 d. This method is more accurate than the rectangle or triangle method when minimum temperatures recorded for the day are below the developmental minimum temperature for the insect (Herms 2006) . Statistical Analysis. A nonlinear model was used to calculate differences in developmental degree-day accumulations by location and instar. A logistic curve was used to model the response of larvae as a function of growing degree-days. The formula used for the logistic curve is as follows:
where a is the upper asymptote and the infection point occurs at X ϭ b/c and Y ϭ a/2. The variables a, b, and c refer to southern locations, a1, b1, c1, and loc1 refer to central locations, and a2, b2, c2, and loc2 refer to northern locations. The model was Þt with SAS software using PROC NLMIXED (SAS Institute 2001).
Calculations were made separately for each year, and comparisons were made between each location (northern, central, and southern) and for each instar. Estimates of inßection point (the time when the rate of emergence is at its maximum and 50% of alfalfa weevils have emerged), time before linear emergence (the number of degree-days that passed before alfalfa weevil larvae began emerging in a linear fashion), days of linear emergence (the number of degree-days when alfalfa weevil larvae emerged in a linear fashion), emergence rate (the speed at which alfalfa weevil larvae emerged), and termination point (the time when linear emergence ended) were calculated (Fig. 1) .
Results
The number of accumulated developmental degree-days was recorded for the Þrst observation of each instar in 2005 and 2006 (Table 1) . First-, second-, and third-instar alfalfa weevils were observed to emerge with fewer accumulated degree-days in southern regions compared with northern regions for both years.
Degree-day accumulations were plotted against the accumulated percentage of alfalfa weevil Þrst, second, and third instars collected (Fig. 2) , and statistics were calculated for each instar, location, and year. Accumulated developmental degree-days were taken from raw data and were not analyzed statistically.
77.63; df ϭ 21; P Յ 0.0001), and 195 accumulated DD at southern regions (t value ϭ 32.17; df ϭ 21; P Յ 0.0001). Inßection point was not statistically different between regions for Þrst instars in either year.
Time Before Linear Emergence. The time to linear emergence was signiÞcantly different for Þrst instars when comparing northern regions to southern regions in both 2005 and 2006. In 2005, northern regions required 41 more developmental degree-days before Þrst instar emergence than central regions (t value ϭ Ϫ3.05; df ϭ 42; P ϭ 0.0039), and 24 more developmental degree-days than southern regions (t value ϭ 2.04; df ϭ 42; P ϭ 0.0478). In 2006, northern regions required 57 more degree-days before linear emergence compared with southern regions (t value ϭ 5.33; df ϭ 21; P Յ 0.0001) and central regions required 62 more degree-days before emergence compared with southern regions (t value ϭ 5.11; df ϭ 21; P Յ 0.0001).
Days of Linear Emergence. The length of linear emergence for Þrst instars in 2005 was longer in northern regions than southern regions by 28 DD (t value ϭ 1.30; df ϭ 42; P ϭ 0.1992) and longer in central regions than southern regions by 38 DD (t value ϭ 1.71; df ϭ 42; P ϭ 0.0951) but not signiÞcantly. Days of linear emergence were not signiÞcantly different between northern and central regions for Þrst instars in 2005. In 2006, length of linear emergence for Þrst instars was greater in southern regions than central regions by 60 DD (t value ϭ Ϫ2.56; df ϭ 21; P ϭ 0.0181) and greater than northern regions by 91 DD (t value ϭ Ϫ4.39; df ϭ 21; P ϭ 0.0003). Central regions had 32 more degreedays of linear emergence than northern regions (t value ϭ 3.345; df ϭ 21; P ϭ 0.0031).
Emergence Rate. Emergence rates for Þrst instars in 2005 for northern and central versus southern regions were not signiÞcantly different, but rates were greater in southern regions than in both northern (t value ϭ Ϫ1.44; df ϭ 42; P ϭ 0.1584) and central (t value ϭ Ϫ1.63; df ϭ 42; P ϭ 0.1098) regions. Emergence rate was not signiÞcantly different between northern and central regions for Þrst instars. In 2006, the rate of emergence was 5 DD greater in northern regions compared with central regions (t value ϭ Ϫ9.52; df ϭ 21; P Յ 0.0001) and 6 DD greater in southern versus central regions (t value ϭ 33.29; df ϭ 21; P Յ 0.0001). Central regions had a 1 DD greater emergence rate than southern regions (t value ϭ 2.72; df ϭ 21; P ϭ 0.0127).
Termination Point. In 2005, the termination point for Þrst instars occurred after less accumulated degree-days in central regions compared with northern regions by 31 DD and approached signiÞcance (t February 2010 STILWELL ET AL.: DEGREE-DAY DEVELOPMENT FOR THE ALFALFA WEEVILvalue ϭ Ϫ2.01; df ϭ 42; P ϭ 0.0508). The termination point occurred after less accumulated degree-days in southern regions compared with central regions by 21 DD, which approached signiÞcance (t value ϭ 1.64; df ϭ 42; P ϭ 0.1084). The termination point occurred after less accumulated degree-days in southern regions compared with northern regions by 52 DD (t value ϭ 11.78; df ϭ 42; P Յ 0.0001). In 2006, the termination point for northern regions was 37 DD later than central regions (t value ϭ 5.0499; df ϭ 21; P Յ 0.0001) and 35 DD later than southern regions (t value ϭ Ϫ2.87; df ϭ 21; P ϭ 0.0091). The termination point was not statistically different between central and northern regions.
Second-Instar Alfalfa Weevils
Inflection Point. In 2005, the inßection point, or time to maximum emergence, for second-instar alfalfa weevils occurred at 256 DD in northern regions (t value ϭ 12.08; df ϭ 39; P Յ 0.0001), 212 DD in central regions (t value ϭ 30.46; df ϭ 39; P Յ 0.0001), and 197 DD in southern regions (t value ϭ 68.99; df ϭ 39; P ϭ Յ 0.0001). In 2006, the inßection point of second instars was calculated to be 222 DD in northern regions (t value ϭ 29.21; df ϭ 25; P Յ 0.0001), 234 DD in central regions (t value ϭ 67.32; df ϭ 25; P Յ 0.0001), and 228 DD in southern regions (t value ϭ 24.38; df ϭ 25; P Յ 0.0001). Inßection point was not statistically different between regions for second instars in either year.
Time Before Linear Emergence. For second instars in 2005, the time before linear emergence occurred at 180 accumulated developmental degree-days in northern regions (t value ϭ 11.70; df ϭ 39; P Յ 0.0001), 176 DD in central regions (t value ϭ 16.92; df ϭ 39; P Յ 0.0001), and 179 DD in southern regions (t value ϭ 21.56; df ϭ 39; P Յ 0.0001), but there were no significant differences between regions. Central regions in 2006 required 36 more developmental degree-days before linear emergence than northern regions (t value ϭ 2.80; df ϭ 25; P ϭ 0.0097) and 41 more degreedays before linear emergence than southern regions (t value ϭ 2.28; df ϭ 25; P ϭ 0.0315). There was no signiÞcant difference between northern and southern regions.
Days of Linear Emergence. The length of linear emergence for second instars in 2005 was not significantly different between regions. In 2006, southern regions had 80 more degree-days of linear emergence than central regions in 2006 (t value ϭ Ϫ2.60; df ϭ 25; P ϭ 0.0153), and northern regions had 51 more degreedays of linear emergence than central regions (t value ϭ Ϫ1.91; df ϭ 25; P ϭ 0.0673) and approached signiÞcance. There was no signiÞcant difference in days of linear emergence between northern and southern regions for second instars in 2006.
Emergence Rate. There were no signiÞcant differences in emergence rate between regions for second instars in 2005. In 2006, the emergence rate for second instars occurred in central regions after one less degree-day than southern regions (t value ϭ 2.13; df ϭ 25; P ϭ 0.0430). The emergence rate for northern regions was 6 DD greater compared with central regions (t value ϭ 1.75; df ϭ 25; P ϭ 0.0927).
Termination Point. In 2005, the termination point for second-instar larvae occurred after less accumulated degree-days in central regions compared with southern regions by 46 DD in 2005 (t value ϭ 1.71; df ϭ 42; P ϭ 0.0945) and approached signiÞcance; however, in 2006, second instars in southern regions terminated after less accumulated degree-days compared with central regions by 39 DD (t value ϭ Ϫ1.08; df ϭ 25; P ϭ 0.0339).
Third-Instar Alfalfa Weevils
Inflection Point. The inßection point, or time to maximum emergence, for third instars in 2005 occurred at 367 DD in northern regions (t value ϭ 5.35; df ϭ 30; P Յ 0.0001), 250 DD in central regions (t value ϭ 22.28; df ϭ 30; P Յ 0.0001), and 200 DD in southern regions (t value ϭ 83.13; df ϭ 30; P Յ 0.0001). Maximum emergence for third instars in 2006 occurred at 239 DD in northern regions (t value ϭ 34.53; df ϭ 16; P Յ 0.0001), 234 DD in central regions (t value ϭ 69.27; df ϭ 16; P Յ 0.0001), and 254 DD in southern regions (t value ϭ 80.2; df ϭ 16; P Յ 0.0001). Inßection point was not statistically different between regions for third instars in either year.
Time Before Linear Emergence. The time before linear emergence for third instars in 2005 was estimated to be 208 DD in central regions (t value ϭ 14.05; df ϭ 30; P Յ 0.0001) and 187 DD in southern regions (t value ϭ 30.22; df ϭ 30; P Յ 0.0001), but the difference in degree-days was not signiÞcant (t ϭ 1.22; df ϭ 33; P ϭ 0.2306). The time to linear emergence in 2006 occurred at 197 DD in northern regions (t value ϭ 17.25; df ϭ 16; P Յ 0.0001), 215 DD in central regions (t value ϭ 40.42; df ϭ 16; P Յ 0.0001), and 239 DD in southern regions (t value ϭ 31.91; df ϭ 16; P Յ 0.0001). Differences between regions, however, were not signiÞcant.
Days of Linear Emergence. Third instars in central regions had more degree-days of linear emergence than southern regions in 2005 and approached significance (t value ϭ 1.93; df ϭ 33; P ϭ 0.0626). In 2006, second instars in the southern regions had more degree-days of linear emergence than in northern regions by 11 DD (t value ϭ Ϫ1.52; df ϭ 16; P ϭ 0.1481) but not signiÞcantly. There were no signiÞcant differences in days of linear emergence between northern and central regions or central and southern regions for third instars in 2006.
Emergence Rate. Emergence rates for third instars were not signiÞcantly different between regions in 2005. In 2006, the emergence rate was 2 DD more in northern regions compared with central regions (t value ϭ Ϫ10.88; df ϭ 16; P Յ 0.0001) and 1 DD more in northern regions compared with southern regions (t value ϭ 5.61; df ϭ 16; P Յ 0.0001). Southern regions had a faster rate of emergence than central regions by 1 DD (t value ϭ Ϫ5.36; df ϭ 16; P Յ 0.0001).
Termination Point. In 2005, third instars in central regions approached the termination point 82 DD before southern regions (t value ϭ 4.28; df ϭ 33; P ϭ 0.002). In 2006, third instars in southern regions terminated earlier than both central (t value ϭ Ϫ1.56; df ϭ 16; P ϭ 0.1376) and northern regions (t value ϭ Ϫ1.67; df ϭ 16; P ϭ 0.1135) by 17 and 10 DD, respectively, and approached signiÞcance. There was no signiÞcant difference for third instars between central and northern regions in 2006.
Discussion
The inßection point, or the time to maximum emergence, occurred after more accumulated degree-days in northern regions than central regions for all instars in 2005. In 2006, however, the inßection point varied among instars and regions. There was no signiÞcant trend related to inßection point. There were no signiÞcant trends that emerged when analyzing results for termination point among instars or between years. Termination point varied over years and instars. The length of linear emergence was signiÞcantly different when comparing regions over both years for each instar. Linear emergence was variable over years and instars. Emergence rates varied over years and between instars. There were no trends which emerged for this statistic.
First-, second-, and third-instar alfalfa weevils were observed in southern regions after fewer accumulated degree-days compared with central and northern regions, with the exception of Þrst instars in 2006 (Table 1) . First-, second-, and third-instar alfalfa weevils were observed in central regions after fewer accumulated degree-days compared with northern regions (Table 1) .
The only signiÞcant trend that emerged in this study was time before linear emergence. The time before linear emergence occurred after fewer accumulated degree-days for Þrst-instar alfalfa weevils in southern regions compared with northern regions for 2005 and 2006 . Results found in this study conÞrm that Nebraska is an intermediate region, where alfalfa weevil degreeday requirements vary by latitude. Peterson and Meyer (1995) modeled the relationship between calendar dates and latitude for degree-day accumulations for alfalfa weevil egg hatch in the midwest regions, including Nebraska. Based on published research, they predicted that differences in fall ovipositional patterns in different geographical ranges would lead to differences in the timing of egg hatch and larval populations the following spring. The geographic patterns predicted by Peterson and Meyer (1995) are consistent with results found in this study.
No fourth-instar alfalfa weevils were found in samples. Early harvest, which is a beneÞcial management tool in Nebraska, may have caused interruptions in fourth-instar development. Sampling was also delayed ϳ1 wk after Þrst cutting, at which time large larvae and cocoons were observed in alfalfa stubble and leaf litter, indicating late instars were in fact completing their life cycle.
Findings in this study are important to pest management decision-making because alfalfa weevils that emerge earlier may attack alfalfa when it is at a shorter stem height. Tolerance of alfalfa is related to its growth stage; thus, more serious damage can occur in southern regions as a result (Hintz et al. 1976) . Alfalfa weevils that emerge after fewer accumulated degreedays also have more time to increase in number, causing populations to be higher in locations of lower latitude.
Alfalfa weevil density was found to vary tremendously according to latitude in this study (Stilwell 2006) . Economic thresholds were determined using recommendations for Nebraska (Wedberg et al. 1977 , Danielson et al. 2006 ) for all sampling dates in all Þelds sampled using an economic value of both $70 per ton and $105 per ton, because the economic value for alfalfa in 2006 was never below $82 for all types of alfalfa grown in Nebraska (Barrett 2006) . Only Þelds in central latitudes exceeded the economic thresholds. Mean number of alfalfa weevil larvae, however, was signiÞcantly higher in southern and central regions compared with northern regions (Stilwell 2006) .
Although it has been determined that Þrst-instar alfalfa weevils require fewer degree-days before emergence in southern regions compared with northern regions, data collected in this study are not able to determine whether this phenomenon was caused by variable fall and winter oviposition. More information is needed regarding fall and winter alfalfa weevil egg laying and egg survival over winter months to determine the life history strategies of the alfalfa weevil in various latitudes of Nebraska. We hypothesize that the reason alfalfa weevils require fewer degree-days before emergence at lower latitudes is likely caused by increased fall oviposition and increased overwinter egg survival. Issues related to different strains and their biology may also contribute to differences in degree-days. Ongoing research suggests the eastern strain has been replaced by the western strain of the alfalfa weevil in northern Nebraska (Erney et al. 1996) .
Because of differences in degree-day requirements at varying latitudes in eastern Nebraska, the recommended time to begin scouting for alfalfa weevil larvae should vary in different regions of the state. Producers growing alfalfa in southern latitudes should begin scouting after fewer accumulated degree-days than producers growing alfalfa in northern latitudes of Nebraska. Scouting offers producers the ability to determine when alfalfa weevil larvae are present and gives them adequate time to apply pest management techniques (insecticides or early cutting) if they are needed. Alfalfa growers should be aware that alfalfa weevils begin to emerge at Ϸ126 accumulated DD in southern latitudes of Nebraska, 133 DD in central latitudes, and 155 DD in northern latitudes. Given average degree-day accumulations at this time of year in Nebraska, these accumulations represent ϳ1 calendar d difference between southern and central regions, an 18 calendar d difference between central and northern regions, and a 19 calendar d difference be-tween northern and southern regions. These estimates can be used as guidelines for sampling programs to start.
